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Introduction {#open201500093-sec-0001}
============

After thirty years since it was discovered,[1](#open201500093-bib-0001){ref-type="ref"} fullerene C~60~ is still an attractive nanocarbon‐based material due to its unique structure,[2](#open201500093-bib-0002){ref-type="ref"} specific properties, and numerous derivatives that enable potential applications in biology, medicine, electronics, photovoltaics, and cosmetic industries.[3](#open201500093-bib-0003){ref-type="ref"}, [4](#open201500093-bib-0004){ref-type="ref"} The reactivity of fullerenes is rich;[5](#open201500093-bib-0005){ref-type="ref"} the most important synthetic pathways used to functionalize C~60~ are not only pericyclic reactions, such as cyclopropanations,[6](#open201500093-bib-0006){ref-type="ref"} Diels--Alder reactions, and 1,3‐dipolar cycloadditions,[7](#open201500093-bib-0007){ref-type="ref"} but also the addition of free radicals or nucleophiles.[8](#open201500093-bib-0008){ref-type="ref"}

The hydroalkylation and hydroarylation of C~60~ have also been fascinating areas of research.[9](#open201500093-bib-0009){ref-type="ref"} In this framework, organolithium and Grignard compounds are used to form intermediate anions (RC~60~ ^−^), which undergo protonation to yield hydroalkylated or hydroarylated derivatives.[3](#open201500093-bib-0003){ref-type="ref"} Following the advance in rhodium(I) and palladium(II) catalysis of organoboron‐based hydroarylation chemistry,[10](#open201500093-bib-0010){ref-type="ref"}, [11](#open201500093-bib-0011){ref-type="ref"}, [12](#open201500093-bib-0012){ref-type="ref"} Itami et al. provided a catalytic pathway for the hydroalkylation and hydroarylation of C~60~ (Scheme [1](#open201500093-fig-5001){ref-type="fig"}).[13](#open201500093-bib-0013){ref-type="ref"}, [14](#open201500093-bib-0014){ref-type="ref"} Their work was inspired by the work of Miyaura et al., who discovered the rhodium‐catalyzed conjugate addition of organoboron compounds to enones in aqueous solution.[11](#open201500093-bib-0011){ref-type="ref"}, [12](#open201500093-bib-0012){ref-type="ref"}, [15](#open201500093-bib-0015){ref-type="ref"}, [16](#open201500093-bib-0016){ref-type="ref"} They also established the basis of the mechanism to carry out the addition of aryl‐ or 1‐alkenylboronic acids to enones. In this case, the catalytic cycle encompasses transmetalation between rhodium(I) enolates and arylboronic acids to produce arylrhodium(I) species followed by insertion of enones into Ar−Rh bonds.[17](#open201500093-bib-0017){ref-type="ref"} The mechanistic pathway of the addition of organoboron compounds to electron‐deficient alkenes such as C~60~ catalyzed by rhodium complexes remains rather unknown.[18](#open201500093-bib-0018){ref-type="ref"} Itami et al.[14](#open201500093-bib-0014){ref-type="ref"}, [19](#open201500093-bib-0019){ref-type="ref"} proposed a general catalytic cycle, based on the work of Miyaura et al.,[11](#open201500093-bib-0011){ref-type="ref"} for the hydroarylations of C~60~ fullerene, and the details of the reaction mechanism and the function of water are missing or incomplete. For this reason, here we aim to unravel the role of each agent in the Suzuki--Miyaura‐like reaction catalyzed by rhodium complexes of C~60~ and organoborates as cocatalysts in the presence of water. In order to do so, we explore the catalytic cycle that leads to the hydroarylation of C~60~ via density functional theory (DFT) methods.

![Hydroarylation of electron‐deficient alkenes (EWG: electronwithdrawing group) and fullerenes by means of organoborates and rhodium‐based catalysts.](OPEN-4-774-g003){#open201500093-fig-5001}

Results and Discussion {#open201500093-sec-0002}
======================

The reaction pathway is divided into four main different parts (see Figure [1](#open201500093-fig-0001){ref-type="fig"}): 1) transmetalation of Rh−OH species with water and the organoborate to generate the Ar−RhB(OH)~3~ complex (**A**→**C**); 2) elimination of B(OH)~3~ to give the Rh−Ar species (**C**→**D**); 3) insertion or arylrhodation of Ar−Rh to C~60~ (**D**→**F**); 4) protonation of Ar−C~60~ through a water molecule and release of the Rh−OH species to conclude the hydroarylation process of C~60~.

![Gibbs energy reaction profiles for the rhodium‐catalyzed addition to fullerene (C~60~) of phenylboronic acid (black), 2‐phenyl‐1,3,2‐dioxaborinane (green), and 4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2,‐dioxaborolane (red) in *ortho*‐dichlorobenzene solution. Values for the Gibbs energy are given in kcal mol^−1^. Schematic drawings of molecules refer to the reaction with phenylboronic acid.](OPEN-4-774-g001){#open201500093-fig-0001}

The catalytic species **A** is obtained from the precatalytic species \[Rh(cod)(MeCN)~2~\]BF~4~ (cod=1,5‐cyclooctadiene) through the dissociation of an acetonitrile ligand followed by the coordination of the hydroxy group from a water molecule releasing a proton that, with the initial counter anion BF~4~ ^−^, yields HBF~4~. This step has an energetic cost of 24.3 kcal mol^−1^,[20](#open201500093-bib-0020){ref-type="ref"} and is a common step for all organoborates.[14](#open201500093-bib-0014){ref-type="ref"}, [19](#open201500093-bib-0019){ref-type="ref"} First, we discuss the reaction mechanism of the Suzuki--Miyaura rhodium‐catalyzed hydroarylation of C~60~ by phenylboronic acid in the presence of water. The neutral species \[Rh(cod)(MeCN)(OH)\] (**A**) can release an acetonitrile ligand and coordinate Ph−B(OH)~2~ in a slightly exergonic process (0.6 kcal mol^−1^) to give **B**. Then species **B** overcomes a barrier of 6.6 kcal mol^−1^ to transfer the phenyl group from boron to rhodium to yield Ph(cod)RhB(OH)~3~ (complex **C**).

Release of B(OH)~3~ from **C** results in **D** with an energetic cost of only 6.2 kcal mol^−1^. In **D**, rhodium is surrounded by the cod and phenyl ligands. η^2^‐Coordination of **D** to C~60~ to form **E** is favorable by 11.8 kcal mol^−1^, in agreement with previous experimental[21](#open201500093-bib-0021){ref-type="ref"} and computational insights,[22](#open201500093-bib-0022){ref-type="ref"} with slightly longer Rh−C bonds (2.28 and 2.31 Å) to be compared with 2.20 Å for RhH(CO)(PH~3~)~2~(C~60~) in part due to the sterically demanding cod ligand. From **E**, the transfer of the phenyl group to the adjacent carbon atom requires to overcome a relatively low barrier of 12.8 kcal mol^−1^, driving to the next intermediate **F**, which is quite stable (11.3 kcal mol^−1^ more stable than its precursor **E**). The resulting attacked bond in **F** is a \[6,6\] bond as experimentally found.[14](#open201500093-bib-0014){ref-type="ref"}, [19](#open201500093-bib-0019){ref-type="ref"} We also examined the attack to a \[5,6\] bond of C~60~ in **E** and confirmed that the transition state and the resulting complex are less stable by 3.6 and 7.5 kcal mol^−1^, respectively. Moreover, we were not able to obtain an optimized structure with *η* ^5^ and *η* ^6^ coordination of the PhRh(cod) in **E** or Rh(cod) in **F** to C~60~.

Finally, in order to get the organic substituted C~60~ product and regenerate the catalyst, a coordination of a water molecule to rhodium occurs to yield **G**. This complex (**G**) is transformed into **H** via the transfer of a hydrogen atom from water to the carbon atom of C~60~ bonded to rhodium and concomitant release of (cod)Rh−OH. The role of water is then to provide the hydrogen atom for the formation of the phenyl(hydro)\[60\]fullerene and the OH group to recover the (cod)Rh−OH species.[14](#open201500093-bib-0014){ref-type="ref"}, [19](#open201500093-bib-0019){ref-type="ref"} The structure, acidity, and aromaticity of this phenyl(hydro)\[60\]fullerene species were discussed previously by Geerlings and co‐workers.[23](#open201500093-bib-0023){ref-type="ref"} The complete **G**→**H** transformation has a Gibbs energy barrier of 12.9 kcal mol^−1^. In the next step, Rh in **H** coordinates a new entering Ph−B(OH)~2~ molecule, which is a reactant in excess, to recover the catalytic species **B** again and close the catalytic cycle. The energy difference between species **B** at the beginning and at the end of the catalytic cycle in Figure [1](#open201500093-fig-0001){ref-type="fig"} corresponds to the Gibbs reaction energy of the transformation of C~60~, H~2~O, and PhB(OH)~2~ into B(OH)~3~ and C~60~PhH in a process that is exergonic by 27.9 kcal mol^−1^.

For 2‐phenyl‐1,3,2.dioxaborinane and 4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2‐dioxaborolane, the Gibbs reaction energies are the same: −27.9 kcal mol^−1^. Apart from the relatively high energy cost to generate the catalytic species **A** from the precatalytic species \[Rh(cod)(MeCN)~2~\]BF~4~, for the catalytic cycle, the **G** to **H** conversion is the rate determining step. However, the phenyl transfer in **E**→**F** is in competition, being the corresponding barrier of the transition state just 0.1 kcal mol^−1^ lower in energy (see Figure [2](#open201500093-fig-0002){ref-type="fig"}).[24](#open201500093-bib-0024){ref-type="ref"}

![Density functional theory (DFT)‐optimized geometries for the transition states of the transformations **E**→**F** (left) and **G**→**H** (right); key distances are given in Å.](OPEN-4-774-g002){#open201500093-fig-0002}

On the other hand, considering the non‐stoichiometric amount of C~60~ with respect to the metal catalyst, the coordination of a second C~60~ molecule substituting the cod ligand in the intermediate species displayed in Figure [1](#open201500093-fig-0001){ref-type="fig"} was also investigated (see Figure S1 in the Supporting Information). This alternative path for the transformation of **A** to **H** implies the loss of acetonitrile and cod, the attack of RhOH to C~60~, and subsequent addition of PhB(OH)~2~. Overall, this path to **H** has to surmount a Gibbs energy barrier higher than 40 kcal mol^−1^ and, therefore, it is not operative and can be ruled out.

The Gibbs energy profiles corresponding to alternative organoborates, such as 2‐phenyl‐1,3,2,‐dioxaborinane and 4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2,‐dioxaborolane, are similar to that obtained with the phenylboronic acid (Figure [1](#open201500093-fig-0001){ref-type="fig"}). The fact that 2‐phenyl‐1,3,2,‐dioxaborinane gives a nearly identical energy profile to that of phenylboronic acid concurs with the experimental result that this organoborate also results in the formation of the corresponding aryl(hydro)fullerene. However, for the 4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2,‐dioxaborolane, no yield is observed experimentally. This is unexpected because the different organoborates share the same rate‐determining step. Maybe it could be related to the somewhat more energetically difficult **B** to **C** transformation. What is clear is that steric hindrance seems not to be the cause of the decreased reactivity of 4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2,‐dioxaborolane.

Conclusions {#open201500093-sec-0003}
===========

We have investigated by DFT calculations the reaction mechanism of the Suzuki--Miyaura rhodium‐catalyzed hydroarylation of C~60~ by phenylboronic acid in the presence of water. Our results show that the until now unknown role of water is to coordinate the PhC~60~Rh(cod) complex to provide the hydrogen atom for the formation of the phenyl(hidro)\[60\]fullerene and the OH group to recover the (cod)Rh−OH species. This step is the rate‐determining step of the whole catalytic cycle.

Our results with alternative organoborates, such as dioxaborinane and 4,4,5,5‐tetramethyl‐2‐phenyl‐1,3,2,‐dioxaborolane, showed no remarkable differences for the phenyl transfer to the metal center, thus excluding the steric hindrance of the organoborate as a key factor to tune and improve the yield of the Suzuki--Miyaura reaction of C~60~ as a substrate, rhodium as a catalyst, and organoborate as cocatalysts. Water turns out to be a key reactant.

Experimental Section {#open201500093-sec-0004}
====================

All DFT calculations were completed with the Gaussian09 set of programs.[25](#open201500093-bib-0025){ref-type="ref"} For geometry optimizations, the well‐established and computationally fast hybrid‐GGA functional B3LYP was used.[26](#open201500093-bib-0026){ref-type="ref"} Geometry optimizations were performed without symmetry constraints, and the located stationary points were characterized by analytical frequency calculations. The electronic configuration of the molecular systems was described with the Gaussian 6‐31G(d) basis set with a polarization function for H, C, N, B, and O.[27](#open201500093-bib-0027){ref-type="ref"}

For rhodium, we used the small‐core, quasi‐relativistic Stuttgart/Dresden (SDD) effective core potential with an associated valence contracted basis set (standard SDD keywords in Gaussian 09).[28](#open201500093-bib-0028){ref-type="ref"} Zero‐point energies (ZPEs) and thermal corrections were calculated at the B3LYP level. Single‐point energy calculations with the M06 functional[29](#open201500093-bib-0029){ref-type="ref"} in solution were performed with the 6‐311G(d,p) basis set for main group atoms,[30](#open201500093-bib-0030){ref-type="ref"} and again the same SDD pseudopotential for rhodium.[31](#open201500093-bib-0031){ref-type="ref"} Solvent effects were included with the polarizable continuous solvation model polarizable continuum model (PCM) using *ortho*‐dichlorobenzene (*o*‐DCB) as a solvent (the solvent employed in experimental studies is a 9:1 mixture of *o*‐DCB and water). The Gibbs energy profiles in water are given in the Supporting Information. Relative Gibbs energy differences in water and in *o*‐DCB are lower than 2.0 kcal mol^−1^.

The M06 energy calculations were carried out with the scf=tight and integral(grid=ultrafinegrid) keywords. Reported energies are M06/6‐311G(d,p)∼SDD//B3LYP/6‐31G(d)∼SDD electronic energies corrected with ZPEs, thermal energies, and entropy effects calculated at 298 K using the B3LYP/6‐31G(d)∼SDD method. We also corrected the energy for solvation effects present in an *o*‐DCB solution that were calculated at the M06/6‐311G(d,p)∼SDD//B3LYP/6‐31G(d)∼SDD level with the PCM method.[32](#open201500093-bib-0032){ref-type="ref"} Finally, we applied a concentration correction of 1.89 kcal mol^−1^ for the Gibbs energies in solution to account for the condition change from 1 atm to 1 [m]{.smallcaps} concentration when going from gas phase to solution.[33](#open201500093-bib-0033){ref-type="ref"} For water, the correction was 4.27 kcal mol^−1^. Furthermore, for the aqueous solvation free energy of the proton, we assumed the value of −262.2 kcal mol^−1^ from the literature.[34](#open201500093-bib-0034){ref-type="ref"}
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